The small GTP-binding protein Rab12 plays an important role in the initiation of starvation-induced macroautophagy (autophagy) and is activated by the guanine-nucleotide exchange factor DENND3. However, the molecular mechanism by which DENND3 becomes activated has remained elusive. Xu and McPherson now identify a novel mechanism of DENND3 intramolecular binding that is regulated by the phosphorylation of a single tyrosine residue.
The small GTP-binding protein Rab12 plays an important role in the initiation of starvation-induced macroautophagy (autophagy) and is activated by the guanine-nucleotide exchange factor DENND3. However, the molecular mechanism by which DENND3 becomes activated has remained elusive. Xu and McPherson now identify a novel mechanism of DENND3 intramolecular binding that is regulated by the phosphorylation of a single tyrosine residue.
Autophagy is a means of selectively marking cellular organelles for lysosomal degradation and plays a vital role in the recycling of proteins during stress caused by nutrient deprivation (1) . During this process, various protein complexes (known as initiation and nucleation complexes) first localize to a membrane-phagophore assembly site and then recruit additional autophagy-related proteins to elongate the phagophore membrane. Eventually, the phagophore closes into an autophagosome, which ultimately fuses with the lysosome. Despite the considerable advances that have been made in understanding the molecular processes of autophagosome formation and its fusion with lysosomes, the mechanisms by which nutrient deprivation induces the initiation of this process remains poorly understood.
The Rab family of small GTP-binding proteins plays an essential role in membrane-trafficking pathways, including the control of various steps of autophagy. In particular, Rab12 has been identified recently as a key player in autophagy, and its depletion severely impairs the autophagic process (2, 3) . To function in autophagy, Rab12 needs to become GTP-loaded and activated, and the DENN (differentially expressed in normal and neoplastic cells) protein DENND3 was identified as its guanine nucleotide exchange factor (GEF) 2 (4) . As the DENN domain-containing proteins comprise the largest family of Rab-GTP exchange factors, understanding their mechanisms of action has ramifications beyond DENND3 and Rab12. To date, the molecular mechanisms of DENND3 activation and its induction by nutrient deprivation are not well understood. It is known that serum starvation leads to the activation of a kinase known as Unc-51-like kinase (ULK), which subsequently phosphorylates serines 554 and 572 on DENND3 (5). This, in turn, allows recruitment of the adapter protein, 14-3-3, to DENND3, which somehow leads to up-regulation of DENND3 GEF activity toward Rab12. However, whether there is a separate mechanism to more precisely regulate DENND3 in response to serum starvation remains a central and unanswered question.
In this exciting paper by Xu and McPherson (6) , the authors shed new light on the mechanism by which the Rab12 GEF, DENND3, becomes activated upon serum starvation. Because the "linker" region of DENND3 (which extends from amino acids 520 -973) contains both serines 554 and 572 that are phosphorylated by ULK, the authors initially hypothesized that the linker region might interact with the DENN domain and inhibit GEF activity and that ULK phosphorylation might release this auto-inhibition. Using a series of very exacting pulldown experiments, they demonstrated that binding does occur; surprisingly, however, the binding was mediated by amino acids 935-973 of the linker, far removed from the serines that are phosphorylated by ULK. This suggested the possibility that additional mechanisms must be involved in the up-regulation of DENND3-GEF activity. By mapping potential phosphorylation sites between residues 935 to 973, followed by the creation of phosphomimetic and phosphorylation-defective mutants, they identified a conserved tyrosine at position 940 as a crucial amino acid; when mutated to the phosphomimetic Y940D, binding between the linker region and the DENN domain was completely abrogated. However, Y940F mutations that prevent phosphorylation had no effect on linker-DENN binding. The potential physiological relevance of this discovery was strengthened by the existence of previous studies that consistently showed that Tyr 940 of DENND3 was phosphorylated in rat brain (7) . These experiments supported the notion that serum starvation leads to phosphorylation of DENND3 Tyr 940 in the linker region, interfering with an intramolecular interaction between the DENND3 linker and DENN domain and thus enhancing the GEF activity of DENND3 toward Rab12 by altering its conformation.
To test the conformational consequences of DENND3 Tyr 940 phosphorylation, and specifically whether this modification induces an open (and non-intramolecular-bound) conformation amenable to greater GEF activity, the authors compared the phosphomimetic DENND3 Y940D with wild-type and the phosphorylation-defective Y940F using three different methods: (a) size exclusion chromatography, (b) gradient centrifugation, and (c) Forster resonance energy transfer (FRET). By each individual technique, the phosphomimetic DENND3 Y940D displayed a larger, more open conformation consistent with the notion that this protein was relieved of its intramolec-This work was supported by NIGMS, National Institutes of Health Grant R01GM074876. The author declares that he has no conflicts of interest with the contents of this article. 1 To whom correspondence should be addressed. E-mail: scaplan@ unmc.edu. 2 The abbreviations used are: GEF, guanine nucleotide exchange factor; ULK, Unc-51-like kinase.
ular interaction between the linker region and DENN domain, thus enhancing its GEF activity toward Rab12. To address whether GEF activity was actually modified in the Y940D mutant, the authors hypothesized that this phosphomimetic would display enhanced in vitro GEF activity in a GTP-loading assay with Rab12. Indeed, as predicted, they demonstrated that more Rab12 GTP loading occurred in the presence of the Y940D mutant than wild-type DENND3. Moreover, no GEF activity was observed in the Y940F mutant, which retains a tight intramolecular linker-DENND3 interaction.
The combined data in the paper by Xu and McPherson (6) point to a new model by which autophagy is initiated via the phosphorylation of tyrosine 940 (Fig. 1) . Intriguingly, the authors found little functional cross-talk between the ULKmediated phosphorylation of serines 554 and 572 and the tyrosine 940 phosphorylation, suggesting that these are independent regulatory steps. It will be interesting to observe how future studies integrate the serine and tyrosine phosphorylation events into a comprehensive model for DENND3 activation and initiation of autophagy. In addition, future studies undoubtedly will be aimed at identifying the key tyrosine kinase that induces DENND3 conformational change by phosphorylating Tyr 940 . Overall, these findings will have a major impact on the field of autophagy, by providing a precise molecular explanation for a crucial early event in the pathway that occurs upon nutrient deprivation. In addition, given that DENN-domain proteins comprise the largest family of Rab GEFs, such a mechanism may serve as a template for the mode by which other DENN-domain family members activate select Rab proteins. Indeed, about a dozen different DENN-domain proteins are known to activate a similar number of Rab proteins (8) . Future studies may be aimed at discerning whether relieving similar intramolecular interactions between DENN domains and a key tyrosine residue through phosphorylation is a general requirement for Rab activation. Moreover, determining whether such tyrosine phosphorylation of Tyr 940 of DENND3 is also balanced by the function of specific phosphatases that counteract such phosphorylation will likely lead to important advances in understanding the fine regulation of the many crucial cellular processes controlled by Rab proteins. Figure 1 . Proposed mechanism of DENND3 function in Rab12 activation. The evidence presented strongly supports the notion that DENND3 maintains an intramolecular interaction between Tyr 940 of its linker region and the GTP exchange factor domain known as the DENN domain. By this model, phosphorylation of Tyr 940 , indicated by "P" surrounded by a red circle, relieves this intramolecular binding, altering the conformation to a more open structure and leading to enhanced DENN-domain GEF activity toward Rab12, which ultimately induces autophagy.
